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 Abstract: Objective: To determine the accuracy of assessing univentricular 
function in adult Fontan patients using three-dimensional (3D) volumetric 
echocardiography. Design: A prospective observational study in an adult Fontan 
patient cohort. Setting: University Hospitals Birmingham, NHS Foundation 
Trust. Patients: 26 patients were enrolled in the study all aged over 18 years, 
possessing the Fontan anatomy, with no contraindications to Cardiac Magnetic 
Resonance (CMR) imaging and in sinus rhythm. Intervention: All patients 
underwent transthoracic echocardiography using a Philips EPIQ 7 and X5-1 
transducer. End diastolic volume (EDV), end systolic volume (ESV), stroke 
volume (SV) and ejection fraction (EF) were obtained using two dimensional 
(2D) and 3D acquisitions. CMR was performed within 3 months according to 
standard protocols. Outcome Measures: The agreement and correlation between 
2D, 3D and CMR derived parameters were determined by Bland and Altman 
analysis and Pearson’s correlation coefficient method. The inter-observer 
variability was also assessed for all three modalities. Results: 3D volumetric 
acquisitions of the single ventricle were feasible in 18/26 (69%) patients. 3D 
volumes strongly correlated with CMR but with a systematic bias to under-
estimation: EDV r = 0.66, bias = –47.1 (–109.6 to 15.2); ESV r = 0.82, bias = –
19.4 (–59.9 to 21.1); EF r = 0.73, –1.56 (–18.8 to 15.7) and SV r = 0.32, –27.7 (–
70.2 to 14.7). Inter-observer variability was lowest with CMR, when compared 
to echocardiographic techniques. The inter-observer variability for 3D when 
compared with 2D echocardiography was lower across all parameters except 
EDV. Conclusions: 3D volumes correlate strongly with CMR and may be used 
for serial assessment of univentricular function. However, 3D volumes on echo 
are not interchangeable with CMR due to systematic underestimation of volume. 
Keywords: Adult Fontan; univentricular function; 3D echocardiography; 
cardiovascular magnetic resonance; 2D echocardiography 
1 Introduction  
The Fontan operation is a palliative procedure carried out on patients with a single functioning 
ventricle. Without surgery, survival to adult life is rare. The operation involves ‘bypassing’ the right 
heart, connecting the superior and inferior vena cava directly to the pulmonary arteries, thereby 
committing the single ventricle to the systemic circulation. This alleviates cyanosis, reduces the volume 
load on the single ventricle and prolongs life [1,2]. Increasing number of patients are surviving to 
adulthood, however ventricular dysfunction is one of the main long-term complications in adult Fontan 
patients and so it is essential that reliable surveillance of ventricular function is performed [3,4]. 
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Cardiovascular magnetic resonance (CMR) imaging is considered the gold-standard method for 
quantification of ventricular volumes and ejection fraction, as well as providing additional detailed 
functional and anatomical information [5]. Alternative modalities must be available however, for use in 
those with contra-indications, including incompatible intra-cardiac devices, in those in whom CMR 
imaging is poor quality, and those who are intolerant to the procedure. Although computed tomography 
(CT) has superior spatial resolution when compared to transthoracic echocardiography (TTE), TTE does 
not expose young patients to ionising radiation, is less expensive and more freely available. 2D 
echocardiography however has its limitations and current recommendations suggest the use of 3D where 
possible [6–8]. 
3D echocardiography has proven accuracy in the assessment of ventricular volumes in anatomically 
normal hearts [6,9–11] and has greater agreement with CMR than 2D echocardiography [12]. Due to the 
often distorted shape of the single ventricle, most markedly in the systemic right ventricle, 2D Simpson’s 
biplane may be unreliable as the formula is based on the assumption that the ventricle is cylindrical in 
shape. Therefore, 3D should provide an accurate and safe alternative that can be used to detect changes in 
the size and function of the single ventricle in both systemic right and left ventricles [13]. The aim of our 
study was to assess the accuracy of 3D echocardiography in obtaining ventricular volumes in the adult 
Fontan patient, compared to standard 2D echocardiography and CMR. 
2 Method 
This was a prospective cohort observational study approved by research ethics committee 
(REC:15/WS/0046). All adult Fontan patients in the tertiary referral service for adult congenital heart 
disease at the University Hospital Birmingham, NHS Foundation trust, Birmingham were screened from 
the trust’s Fontan database for inclusion. Inclusion criteria were: age over 18 years, Fontan anatomy, in 
sinus rhythm and able to provide informed consent. Exclusion criteria were: contraindications for CMR, 
pregnancy, inability to give informed consent. Eligible subjects were consecutively approached at their 
annual echocardiogram over a period of eight months. Informed consent was obtained from all individual 
participants included in the study. 
2.1 Echocardiography 
Transthoracic echocardiography (TTE) was performed using a Phillips EPIQ 7 with an X5-1 
transducer. All images and measurements were obtained by a single operator with over ten years’ 
experience and accredited in both TTE through the British Society of Echocardiography and accredited in 
echocardiography of congenital heart disease through the European Society of Cardiovascular Imaging 
(EACVI). To assess ventricular function, end-diastolic volume (ml), end-systolic volume (ml), stroke 
volume (ml) and ejection fraction (%) were obtained using the 2D Simpson’s biplane method and 3D full 
volumetric method. The image quality in the included patients was graded according to the visualisation 
of the endocardial borders of the single ventricle. If all endocardial segments were clearly seen this was 
graded as “good”. If one or two segments (not adjacent to each other) were not well seen this was graded 
as “limited”. If more than two endocardial borders or two adjacent endocardial borders were not clearly 
seen, this was graded as “poor”. Images in which two or more wall segments of the endocardial borders 
were not seen were excluded from the analysis. In the case of patients with a rudimentary ventricle 
considered to be contributing to end-diastolic volume, such as Tricuspid atresia (TA) with a large 
ventricular septal defect (VSD) or a double inlet left ventricle (DILV) with a smaller outlet chamber, the 
rudimentary ventricle’s volume was included in the univentricular volume measurement.  
For the Simpson’s biplane method end-diastole was defined as the largest volume and end-systole 
was defined as the smallest volume. The endocardial border was traced at the blood-tissue interface 
between the compacted myocardium and ventricular cavity, with the contour closed by a straight line 
between the two opposite sections of the atrioventricular valve ring, measured in the apical four and two 
chamber views. 2D imaging was performed to maximise the ventricular areas, with views acquired at a 
depth to optimise focus on the cavity. 
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For 3D acquisitions, an x-plane of the ventricle was performed to ensure inclusion of the planes 
within the volume to be acquired. Spatial and temporal resolutions were optimised by narrowing sector 
width, optimising depth and focus. A 3D full volume setting was applied and images were taken over 4 
heart beats in all cases during end-expiratory breath-holding. Volume analysis was performed off-line 
using the Q-Lab (Philips, Netherlands) 3D left ventricular volume software package for both systemic left 
and right ventricles; using the same definition for end-diastole and end-systole as for 2D acquisitions 
(Fig. 1). The mean frame rate used was 27 Hz with a range from 21 to 59 Hz and time taken to acquire the 
3D images and perform the post-processing analysis of volumes took between 3 and 5 minutes. 
2.2 Cardiac Magnetic Resonance Imaging 
CMR was performed according to standard protocols with a 1.5 T scanner (Siemens, Avanto) during 
end-expiratory breath-holding with retrospective ECG gating using steady state free precession (SSFP) 
cine imaging (Fig. 1). In brief, following acquisition of scout images in the vertical, horizontal and 3-
chamber axes, SSFP images were acquired with 7 mm thickness; 3 mm gap from the atrioventricular 
valve plane through the apex. Sequence parameters were as follows: echo time 1, 2 ms; repetition time 60 
msec, flip angle 79 degrees; 25 phases per cardiac cycle; number of excitation 1; FOV 300 mm, in plane 
spatial resolution 1.6 mm × 1.2 mm. Analysis of all CMR images was performed by a single observer 
(level 3, European Association of Cardiovascular Imaging) with 3 years’ experience in CMR in imaging 
adults with congenital heart disease, using semi-automated quantification (Circle CVi42, Calgary, 
Canada). The observer was blinded to the results derived from echocardiography. Quantitative parameters 
(ventricular EDV, ESV, mass, stroke volume) were derived by semi-automated blood-pool thresholding 
using non-rounded endocardial contours, and including papillary muscles and ventricular trabeculations in 
the blood pool both in systole and diastole. The standard CMR technique requires that both the systemic 
and the atretic ventricle are included in volume analysis [14]. 
Figure 1: Fontan ventricle in a patient with tricuspid atresia. TTE of the Apical 4 chamber view (top left), 
CMR short-axis (bottom left) and 3D echocardiography volume of the systematic ventricle (right). 
(Abbreviations: 2D = two dimensional; 3D = three dimensional; CMR = cardiac magnetic resonance; 
TTE = transthoracic echocardiography) 
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2.3 Inter-Observer Reproducibility  
To assess inter-observer variability every third echocardiogram was re-analysed by a second 
observer, equally experienced in adult congenital and 3D echocardiography, who was blinded to the 
previous measurements. To assess inter-observer variability, every third CMR was re-analysed by a 
second observer, equally experienced in adult and congenital CMR. 
2.4 Statistical Analysis  
All analysis was carried out in STATA version 14.2. Data was analysed by determining agreement 
and correlation between matched data sets of 3D and 2D Simpson’s biplane derived ventricular volumes 
and ejection fractions, with cardiac CMR derived ejection fractions and volumes. A Pearson’s correlation 
was used to determine the correlation between CMR and both echocardiographic measurements, as well 
as the correlation between the two echocardiographic methods. An r-value > 0.6 was considered as strong 
correlation.  To assess agreement a Bland-Altman plot was formed. The bias and standard deviations of 
the difference in value between the echocardiographic method and CMR derived value was calculated and 
the 95% limits of agreement determined. For inter-observer variability Bland-Altman analysis and 
coefficient of variation was used. For all analyses a p-value less than 0.05 was used as a cut off for 
statistical significance. 
3 Results  
3.1 Patient Population 
151 patients were screened of which 66 were excluded for the following reasons: CMR contra-
indicated (n = 32), arrhythmia (n = 33), unable to provide informed consent (n = 8) and poor 
echocardiographic window for 3D analysis (n = 48). From the remaining 66 patients, 26 patients were 
recruited consecutively to the study as they attended their annual echocardiogram. Patient demographics are 
displayed in (Tab. 1); the median (IQR) for age was 28 years (24–32), BMI 24 kg/m2 (22–27) and 53% of 
the participants were female (14 females, 12 males). At the time of scanning the median heart rate (IQR) of 
the patients was 72 beats/minute (63–80), most patients had a left systemic ventricle (21 vs. 5 right systemic 
ventricles). The remaining patients who met the inclusion criteria (n = 58) were either unwilling to take part 
or were unable to attend their echocardiogram and CMR within 3 months of each other.  
Table 1: Patient demographics of the patients 
Characteristics  N = 26 
Age, median years (IQR)   28 (24–32) 
Women, n (%) 14 (54) 
Left systemic ventricles, n (%) 21 (81) 
Right systemic ventricles, n (%) 5 (19) 
BMI, median kg/m2 (IQR) 24 (22–27) 
BSA, median m2 (IQR) 1.7 (1.6–1.8) 
Heart rate, beats/min (IQR) 73 (63–80) 
(Abbreviations: BMI = body mass index; BSA = body surface area; IQR = inter-quartile range) 
The 26 patients included had a wide range of Fontan anatomies of which 3D volumes were 
obtainable in 18 of these patients (Tab. 2). Of these 18 patients, there were three with morphological right 
ventricles and the remainder had morphological left ventricles. There was no substantial modification 
made to the patients’ pharmacological therapy between the study with 3D echo and CMR. The image 
quality for the cohort of patients was overall graded as “limited”. In 8 patients image quality was graded 
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as poor and 3D volumes could not be obtained in these patients, as a result of factors such as body habitus 
(3 patients), abnormal rib cage formation (2 patients) and breathing artefact (3 patients). 
Table 2: Fontan anatomy and the echocardiographic image quality 
Fontan Anatomy for Each patient assessed 3D volumes obtained (y/n) 
Quality of 
Images* 
Subjective assessment of 
univentricular function 
Tricuspid and pulmonary atresia AP Fontan y 2 Preserved 
DILV AP Fontan  y 2 Preserved 
DILV, TGA, PS, AP Fontan  n 2 Preserved 
DILV, AP Fontan  n 1 Mildly impaired 
Extra-cardiac TCPC, mitral atresia n 1 Mildly impaired 
TCPC Fontan, HLHS n 2 Preserved 
DOLV, AP Fontan  y 2 Mildly impaired 
HLHS y 3 Preserved 
TA, AP Fontan  y 2 Mildly impaired 
Unbalanced AVSD with hypoplastic RV, AP Fontan  n 2 Preserved 
TA and PA, TCPC Fontan  y 3 Preserved 
DILV y 3 Preserved 
DILV/DORV TGA n 2 Preserved 
TA y 3 Preserved 
TA y 3 Preserved 
HLHS TCPC Norwood y 2 Moderately impaired 
Mitral atresia VA discordance y 3 Preserved 
TA y 3 Preserved 
DILV AP Fontan  y 2 Preserved 
DILV VA discordance n 2 Preserved 
DILV y 2 Preserved 
Unbalanced AVSD TCPC Fontan DORV, PS y 2 Mildly impaired 
TA AP Fontan  y 2 Preserved 
TA DOLV, AP Fontan  n 2 Mildly impaired 
DILV, DORV y 2 Mildly impaired 
TA y 2 Preserved 
(Abbreviations: AP = atrio-pulmonary; AVSD = atrio-ventricular septal defect; DILV = double inlet left ventricle; DOLV = 
double outlet left ventricle; DORV = double outlet right ventricle; HLHS = hypoplastic left heart syndrome; PA = pulmonary 
atresia; PS = pulmonary stenosis; TA = tricuspid atresia; TCPC = total Cavo pulmonary connection; TGA = transposition of the 
great arteries; VA = ventricular-atrial. *Grading of image quality: 1 = poor, 2 = limited and 3 = good.) 
3.2 Comparison of 2D and 3D Echocardiography Derived Univentricular Volumes with CMR  
Volumes and ejection fractions derived from echocardiography were compared with CMR as the 
gold-standard technique. The mean difference between time of CMR and TTE was 41 days. Bland-
Altman analysis demonstrated a negative bias and wide limits of agreement for comparisons of both 3D 
and 2D volumes with CMR: for 3D EDV vs. CMR bias (95% limits of agreement) was –47 ml (–108 to 
15) and 2D EDV was –53 ml (–114 to 9), for 3D ESV vs. CMR –20 ml (–60 to 20) and 2D ESV was –24 
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ml (–73 to 26) and for 3D SV vs. CMR –27 ml (–69 to 15) and for 2D SV –29 ml (–66 to 9). Therefore, 
3D and 2D echocardiography underestimates volumes when compared to CMR (Tab. 3 and Fig. 2). 
 
Figure 2: Modified Bland and Atman plots to show the agreement of 3D and 2D EDV, ESV, SV and EF 
with CMR. (Abbreviations: 2D = two dimensional; 3D = three dimensional; CMR = cardiac magnetic resonance; 
EDV = end diastolic volume; EF = ejection fraction; ESV = end systolic volume; SV = stroke volume) 
It was noted that there was greater underestimation of the volume with larger ventricles (Fig. 2). 
There was a greater underestimation when 2D Simpson’s biplane was used, in comparison to 3D 
volumes. Despite the systematic under-estimation of volumes with echocardiography, the correlation 
between the echocardiographic measurements and cardiac CMR was shown to be strong across all 
parameters with the exception of stroke volume which showed a weak correlation for both 
echocardiographic modalities (Tab. 3 and Fig. 3).  
Table 3: Modified Bland and Altman analysis to show the bias and limits of agreement between CMR 
with 2D and 3D echocardiography. The Pearson’s correlation to show the correlation between CMR with 
2D and 3D echocardiography 
 
EDV (ml) ESV (ml) EF (%) SV (ml) 




(–108 to 15) 
0.66  
(p = 0.006) 
–20  
(–60 to 20) 
0.81  
(p < 0.001) 
–0.9 
 (–19 to 17) 
0.70  
(p < 0.001) 
–27 
 (–69 to 15) 
0.37  




 (–114 to 9) 
0.63  
(p = 0.007) 
–24  
(–73 to 26) 
0.60  
(p = 0.01) 
1.2  
(–19 to 21) 
0.66  
(p = 0.004) 
–29 
 (–66 to 9) 
0.49  
(p = 0.046) 
Ejection fraction, the primary measure of ventricular function showed a strong correlation with CMR 
for both echocardiographic modalities: (Tab. 3). There was no significant bias between CMR and both 
echocardiographic modalities, however wide limits of agreement were calculated suggesting significant 
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variability within the population studied: for 3D EF vs. CMR bias (95% limits of agreement) –0.9% (–
19.0 to 17.0) vs. 2D EF vs. CMR 1.2% (–19.0 to 21.0).  
 
Figure 3: Scatter plots showing the correlation between 3DE and 2DE EDV, ESV, SV and EF with CMR. 
(Abbreviations: 2D = two dimensional; 3D = three dimensional; CMR = cardiac magnetic resonance; EDV= 
end diastolic volume; EF = ejection fraction; ESV = end systolic volume; SV = stroke volume) 
When 2D and 3D echocardiography derived measurements were compared, they correlated strongly 
across all parameters when measured by the same operator in the same session, with all r-values above 
0.7, p < 0.001 (Fig. 4). 
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Figure 4: Scatterplots showing the correlation between parameters of 2DE EDV, ESV, EF and SV with 
3DE. (Abbreviations: 2D = two dimensional; 3D = three dimensional; EDV = end diastolic volume; EF = 
ejection fraction; ESV = end systolic volume; SV = stroke volume) 
3.3 Inter-Observer Reproducibility   
Inter observer variability for echocardiographic measurements were assessed in five patients (Tab. 
4). The bias was smaller for 3D between observers across all parameters when compared to 2D Simpson’s 
biplane method. However, both modalities had wide limits of agreement. Inter-observer reproducibility of 
CMR was carried out in 7 of the patients with a different observer of equal experience in CMR, re-
measured the volumes to obtain EDV, ESV, EF and SV. There was excellent correlation between 
observers for all parameters (Tab. 4). The limits of agreement between the operators were generally 
narrow, however, limits of agreement for EDV were shown to be wider (–21.5 to 8.0) (Tab. 4).  
Table 4: Inter-observer variability measured by two operators using 2-D Simpson’s biplane, 3D 
echocardiography and CMR 
 Inter-observer variability of 
2D Simpson’s Biplane 
Inter-observer variability of 
3D 
Inter-observer variability of 
CMR 
Parameter CV (%) Mean bias (LoA) CV (%) Mean bias (LoA) CV (%) Mean bias (LoA) 
EDV (ml) 17.5 12.8 (–43.0 to 17.4)  21.6 10.5 (–66.1 to 45.0) 4.3 6.8 (–8.3 to 21.8) 
ESV (ml) 26.2 8.1 (–15.4 to –0.94) 20.6 –1.2 (–22.4 to 19.9) 5.3 0.0 (–10.7 to 10.7) 
SV (ml) 23.0 –9.5 (–50.0 to 30.5) 20.6 –8.6 (–45.2 to 28.0) 6.5 –7.1 (–16.2 to 1.9) 
EF (%) 10.5 2.7 (–21.0 to 26.4) 6.5 –1.5 (–17.7 to 14.6) 2.8 –2.0 (–7.1 to 3.1) 
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4 Discussion 
This is the first study to our knowledge, to determine the feasibility and accuracy of 3D volumes 
specifically in adult Fontan patients. 3D volumes could be obtained in the majority of adult Fontan 
patients with either systemic right or left ventricles; 3D correlated well with CMR but there was a 
systematic underestimation of volumes. In 69% (n = 18) of the recruited patients it was possible to obtain 
accurate 3D volumes, which suggests that in the majority of adult Fontan patients 3D echocardiography 
can be accurately performed in clinical practice. 
There is a trend for both 2D and 3D echocardiographic methods to underestimate univentricular 
volumes when compared to volumes derived by CMR, which is accentuated as the ventricle dilates. This 
has been previously demonstrated in studies comparing the anatomical left ventricle with CMR, showing 
a systematic under estimation of 3D obtained volumes when compared to CMR [15]. One of the major 
contributions to this trend is the superior spatial resolution of CMR, allowing better delineation between 
the LV cavity and endocardial borders. Therefore, with echocardiography, features such as trabeculae and 
papillary muscles are often mistaken for the endocardial border, resulting in an under estimation in 
volume [11]. The Fontan ventricle is also often distorted in shape; the 2D Simpson’s biplane method 
assumes that the ventricle is cylindrical and so will either under or over-estimate the size. When 
measuring the 3D volume in larger ventricles, a bigger sector width is required to accommodate the entire 
ventricle; as a result frame rate reduces and so the resolution of the image will decline, reducing 
endocardial definition and this may contribute to the greater under-estimation of volumes with larger 
ventricles [6,16]. 
3D echocardiography is not routinely used on adult Fontan patients [17]. Volumes and ejection fraction 
derived by 3D volumes closely correlated with CMR suggesting that there is reliability between 
measurements, despite a difference in volumes obtained. Therefore, 3D echocardiography could provide an 
alternative method to CMR for the serial assessment of the size and function of the single ventricle. In a 
study of paediatric Fontan patients, it has been shown similar to this study that 2D and 3D volumes correlate 
strongly with each other, in addition to 3D-derived speckle tracking analysis suggesting 3D derived ejection 
fraction reflects cardiac mechanics as well [18]. CMR is only available in specialised centres and some 
patients are unable to undergo CMR due to claustrophobia or are contraindicated. In this study alone 32 out 
of the 151 patients screened had a pacemaker. Although the implantation of MR-compatible and 
incompatible intra-cardiac devices may increasingly be seen as no longer an absolute contra-indication, the 
presence of such devices not only complicates the procedure but dramatically reduces the quality of the 
images that may be acquired. One limitation of this study was that contrast was not used in those with poor 
quality imaging and this offers a further opportunity to improve applicability [19]. 
There was a stronger agreement for 3D volumes measured by different observers, than for volumes 
measured by 2D Simpson’s biplane. The 3D volume method is semi-automated and so there is less user 
dependence, when compared to the Simpson’s biplane method. The Simpson’s biplane method will have 
a varied volume depending on how the operator delineates the endocardial border [20]. The use of LVO 
contrast has been shown to increase the reproducibility between observers, as the endocardial border is 
more clearly seen [21]. In contrast to the significant inter-observer variability of echocardiography, CMR 
was shown to have superior reproducibility. This again was most likely due to superior image quality, 
therefore differences between operators would have resulted from different interpretation of where to 
trace the endocardial boarder [22]. 
Previous studies in non-congenitally abnormal left ventricles have shown that the use of LVO 
contrast in patients with suboptimal acoustic windows, can improve endocardial definition and hence 
increase the number of patients in which 3D echocardiography can be performed to assess LV volumes 
and ejection fraction [23–25]. If the use of LVO contrast had been applied in this study, it is likely that 
both the feasibility and inter-observer reproducibility would improve. 
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4.1 Limitations 
The main limitation is the small sample size, which is expected in such a rare patient population, 
however this is the first study of 3DE conducted in adult Fontan patients. There was also a proportion of 
patients who were excluded on the basis of having poor quality echocardiographic images and of the 
patients in which 3D assessment could be performed, not all had image quality categorised as “good” 
which may have affected the accuracy of 3D acquisition. A future study involving the use of contrast 
echocardiography will be required to further examine the utility of 3D echocardiography in the adult 
Fontan patient, to ensure clearly delineated endocardial boarders for a more accurate 3D assessment. In 
this study we excluded patients with an arrhythmia to exclude variability caused by a change in 
haemodynamics. In future studies patients with atrial fibrillation could be included and a single index beat 
method could be used to prevent stitching artefact [26]. 
5 Conclusion 
We have shown that 3D echocardiography is a feasible and accurate method of serially assessing 
univentricular function in adult Fontan patients. It cannot be used interchangeably with CMR due to its 
systematic underestimation of volumes. However, it correlates more strongly with CMR compared to 2D 
Simpson’s biplane and so could provide a more accurate assessment of cardiac function, in Fontan 
patients unsuitable or intolerant to CMR. Whilst this study was performed in adult Fontan patients, this 
could be a very useful way of monitoring performance in younger children, where endocardial border 
definition is better than in the adult patient and for whom CMR may require general anaesthesia.  
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